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A Real-Time Longitudinal Phase-Space Measurement
‘echnique for H“ Beams

R. C. Connolly+ and D. P. Smdoval
Los Alatnos National Latm-story

Los Alarnos, New Mexico 87545

Abstract

The longitudinal phase-sp~cc distribution of a bunched
hewn curt be dctcrrnined by selecting short-ptmsc slices of the
t-xam and measuring the energy distribution of each slice.
This puper dcscribcs a systcm that should be capable of

producing phase-space meastmmcnts of an H- beam at a rate of
2 Ht. The phase is .Wlected by photoncutz’alization with a
mmlc-locked laser. A deflector magnet downstream of tic
ncutmlization point deflects the charged beam, and t-heneutral
porticles enter a spectrometer through a slit covered with a

wripping foil. During the 20- to 40-vs laser burst, a ramp
~ignal shifts the laser phase with respect to the beam phase.
“1’hcswnc ramp signal conuols electric deflection plates in the
(x It lwamlinc of the spcctromcter, which bend drc beam
p(’rpcndictrlar to the dispersion plane. If the spectrometer
tnugnct bends the beam horizontally, then the beam-current
dts[rihlltion at the focal plane is analyzed horizontally in
cwrgy horizontally r,nd vertically in phase,

1. Introduction

The Laser- Indt lccd-Neutral ization Diagnostic Approach
(1.INDA)[ I ], dcvclopcd at Los tllamos National Latmratory, is
:1 [cchniquc thitt uscs light pulses from a Iascr to select

por[ioms of irn H“ beitm for itnalysis, Light pulses of Lhc

:Ippropriatc wavelength to ncutriilize H” ions pass through lhc
1~,’;lnlups(rmrn of a dcflcctiorr mitgnet. The ncutralir,cd beam
p;isscsthrough the mitgnc[ and into a detector,

I.tmgi[udimtl phmse-spitcc distributions hnvc been made
nwusurcd using LINDA by firing single Ia,ser pulses through
lwams ilrd meiisuring energy sprrxtd by time-of-flight. This
muhnlquc (cquircs several hundred htscr pulses for each
lllc;isurcmcnl itnd is applicable only to beams of Icss lhnn
:dxnrt 1() Mel’ with rms bunch Icngths of greater than about
10 ps,

This par!cr describes a systcm (SCCfig, I ) thiti should he
L:Ip:Ihlr 01 pr(xiucing Iongitudirtitl ptuwc.spacc mcxtsurcmcn~fof

:In 11 hcum :It a 2-IIz rate, It is ttpplicablc to high-brighutcss
INS:IIIISof cncrgics g~i~tcr thrr I(N) McV.

‘1’hcphase is sclcc[cd using Iigh[ from it mode .kxkcd Imcr
wI1OSCl’rcqucrrcy is Iockcd [n a subharmonic of drc uccclcrntor
(1. /\ spcctromctcr is plitccd dnww trcutn nf the dcllcctor
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magnet for energy-spread analysis. During the law Ilring, the
rf phase of the laser is ramped at the same raw th~t [hc ion
beam in the image line of the spcctromctcr is dcllcctcd
perpendicular to the dispersion plane, The beam current on Lhc
s~trometer focal plane is analyr.cd in bcxh phwc ml energy.
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Schematic of measurcmcm technique, The l~$cr.
firing frequency is one-fourth the wxclcrator rf,

11. Measurement System Requirements

The Iascr and spcctromctcr constitute u tnl’i~st]r mcn[

systcm with a pha.se-spitcc window h:~ving dInlL*nsI[ms O ()( rt”

phme and R of energy, The pha.scdimcnsl(m (d the window IS
cquitl to the time width ,providcd by the Iitscr pulses multiplied

by 2K~ (where T is the d’ period). I?IC cncr~y wldlh is cquul

to the rcsolutiorr of the spcctromctcr.
The detector rcso]ution required to mcusurc u particu Iilr

bcitm is dctcrmincd by citlculating the cl tcc[ Ihc A’mctor
window size has on the mc~surcmcnt result, ‘1’hc t’ollowIng”

calculation is based on studlcs dortc by (iiuukskgrnl 21 itnd
C’onnoll y and .fohnsorrl3 ],

If il brxtm of phusc-spucc distribution p(~,l. ) itnd IrIIC rm$
cmiuancc Et is mutsurcd using J dctcc([)r h:lvlng a WIINN)W td

lllmcnsions () [d’ rf phosc ilnli R of crwrgy, ihc till-i)sltt~(l

distribution is plll(o,li) where

When p($,~) is CXp(ttl(kd to SCCotld order iU’t)lltl(l $,, illl{l l;,), th

nxult 0[ IIIC intc~ralion is



~%)IJO.+~a*]I$OEO
pm(Oo.Eo) = P(@o.Eo) + ~

(3
The rrns erniuance calculated from tkis measured beam
diwribution is

[

E? 02 R2
~2R2 l/2

Em=n ‘+~oE2 .—

rt2 1 (3)+~uo2+ 144 “

where croand ~E arc the rrns beam dimensions. written in

tcrrns of the Twiss parameters ~ and y, Eqn. 3 becomes

[

11# n~R2

( Y]

rtOR I 12
Em=E( l+ =+-— —

12E[ + 12E1 “
(4)

An cmittancc measured by a detector whose window is
smfill compnrcd m the beam distribution is the true emittance
of lhc bcm~. 1( the window size is comparable to the beam
disuibution, the measured cmittancc is Iargcr than the true
cmittance.

Equation 4 .,..ows that the effect of the detector cm a
mcasurcmcnt depends on the beam pararncters. For the case of
un upright ellipse, Fig. 2 shows how the ratio of E m/El
incrcascs with detector window size, For this example,

O/UO=R/OE=A, The r~tio Em/El is plotted as a function of A.

This plot shows that a detector window with dimensions equal
to [he rms bcarn dimensions produces a measured cmittancc
lhtit is 1,08 times the true emit.tancc. For most applications,

the dctccxor window should be no Iargcr lhan (YOby ~E.
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Figur: 2, The ratio of measured cmiuancc to true cmiuuncc

w iJfunction of tktector window sizc for the ctw of
un upri[IhI phase clli~w ‘llrc dct.cctor window

dimensions arc @by K nnd A= O/(Jb=R/tTE,

111. Meusurcmerrt S,yrttem

A, Mode-locked laser
‘1’hc Iascr hns k) produce short pul.scs of un npproprit~lc

wilvclcngth nnd pitotori lua 10 produce the required

ncuwut it.ntion of the II” Iwmn, “I$hcwtiuircd ncumtl ir,mion
[“Iucti(m depends on the km currcn[ JJndthe ,scnsitiviiy of 14c

sl’xtrmctcr dctcctnr,
[f (I]c ktscr pulse durntion is lonN cnmpitrcd (o (hc fli~ht

Iimc of the ions through the Iuscr heum, lhc ncutrulizltlion
frilCli(m is

P=l-exp(-a Ft), (5)

where 6 is the nc~tralizalion cross section, F is the photon

flux, and t is the time the ions spend in the photon field. The
photon flux is given by

&k
F=

hcAr ‘
(6)

where C is the laser-pulse energy, A is the wavelength, h is

Planck’s consta.nL c is the speed of light, A is the her beam

cross-sectional Mea, and ~ is the laser firing time,

The best kscr for H’ beams is a CW mcdc-locked Nd:YLF
laser tuned to a subharmonic of the accelerator frequency. This
laser produces 50-ps pulses of 1062-nm light, giving a

photoneutralizatiun cross seclion of 3,6 x io-’7 cm2[4 ].
These light pulses arc chirped, amplified, and compressed to
get pulses as short as ! ps. The outpu[ energy of the pul.scs is
controlled by the number of amplificauon stages, The

iv.~plifrcr rods limit the output bursts to 20-40” I.M.

The laser beam is focused so its width along the ion beam
is as narrow as posslblc, The detector phase window is the
quadrature sum of the laser pulse Icngth, the laser tiring jiucr,
and the ion-beam transit time across the Ia.scr beam, If the
laser-beam dimension is 0, I mm in Z, a 5-McV proton tics
3.2 ps 10 pass through it itnd a 20-McV proton takes i.6 ps.
Detector windows of -3 ps arc pxsiblc with 20-McV beams.

Neutralizing *Ac smitllcst phase window possible requires

that the l~r beam intersect the H“ ban pcrpendicultii Iy in the

H - rest frame, This is done by dircc~ing the htscr hcitm

through the H“ beam at a Iitb-frimc imglc of cus”1(~1)where ~

is the relativistic parameter v/c, For a 20-MCV }{” hciun, the
inlcrsulion unglc is 78”,

An example of a law systcm that can produce about I ()%

ncutrali~ation of a 20-McV H“ beam is onc being umsidcrui
by Los Alttmos[5], 11 consists of it Quontronix[61, Series
42(IO Nd:Y1.F CW mode-locked Iascr with an umplil’icutmn
itnd pulse-comprcssiori systcm from Continuum71, Tlc hlscr
is ttvailublc with frcqucrwics o!’ 50 10 240 MH~. Firing ]iltcr
with respect (o the rf .sourcc is reported to he tl ps.

Il. Spectrometer
As with the her, the spectrometer rcquircmcnts depend on

the specific JJpplicalion, A design thtt hits hccn sItJd IL’d il[ 1,0s

Alutnoslll] is $hown iu Fig, 1, II is it (i~)lltllc.f{}cllslr~g
trunsport Iinc cunsisling of two y-tocusmg quitds illd il dipole
with straight, pcrpendicuh.u cntrartcc itnd exit edges. ( )nt’ qund
is in the middle of the imitgc und ob@t Iincs. The.se iiwus Ihc
beam though u waist in y in the ccntcr of the dipole 1’)1.

The httlf icngth ol citch ICII, 1. (SCC (ig. l), is

upproxirnntcly 1,Sr/sin((x), where r is the bend mdius JJndu is

the bend ttnglc. The rnomcrmnn resolution is Al’/I’ = s/(~r,
where s is the cntrxtncc slit width in the dispcrsmn Pliltl(’, ‘1’11(9
spectrnmctcr shown in Fig, I hcnd:” the bcnrn 454’ wiih r= 1.fm
JJndl.=~,hl. With n I-mm cntrnncc slil, the twcr~y rcs(dult(m
(or JJ20-MCV bwtm is Jhout 4,S kcV,



The sensitivity of this design to magnet misalignments
wrd vibrations has been studied with TRANSPORT[10].The
only strong sensitivities were found to be the roll angles of the
quads and dipole. Errors in the roll angles produce mixmg of
lhc X mrd Y pl,atms which is uncorrectable by focusing. The
studies show that quad roll-angle has to lx correct to f5 mr
ond dipole roll correct to tl mr.

Focus sensitivity studies to quad settings and to harmonic
conraminalion of the quad and dipole fields done to third order
wilh (310S[ 1I ] show this design to be extremely robust. The
quad fields need to be within f 1% of the design value, and
scxtupole and ocmpole components of fO, 1% at the pole-lip
rodius have little effect on the focus. Similar harmonic
compmm.s of (he dipole field can be tolerated. The only
critical field is that of the dipole, whtch needs to be stable to
fo.()(k$~o.

(:, Integrated System
The complete mciisurcmcnt systcm is shown in fig. 4. A

magnet, placccl bctwccn the neutralization point and the
cmrancc slit. deflects the chwgcd beam into a beam stop. The
antilyz.cd bwn is neutral, so d stripper foil is placed over the
cntmncc slit, Angle scmtcring in the foil does not affect the
analysis because lhc system produces a poin(-to-point focus,

I:lgurl’ 4, [Ilcck ditigratn ot’ cornplc(c mcmurctncnt system,

i .,.ctrt~~ialic dcllcch~r pkttcs in the irnagc Iinc dcflcc[ the
lm~l(m MJITI pr~wndkulu to the dispersion phmc, During lhc
{~vcrl;q>01 thr bcatn mocropulsc turd the I&$cr.firing time, both
the phwsc of the I&$cr and the dcllcction O( lhc beam ftdlow u
~<(~nlllltm linCilr ramp, This prtxluct!s tin irucgritlcd current
(Iistrlhuli(m on the illm~c plane; the distribution’s energy is
:In:llyzcd in the dis)lcrsi(m fTlilnC irnd ils ptutsc in Ihc
l!t’rpCfNliCUlilr plUIIC onc possihlc inl[i~c-plmrc tlctector is U

[ IUOICWCIN wrccn .md (“(’[) citmcru, ‘1’hc imiig~ c i\II hC

(! Iglllml for uni.dysls :md (Ii!iplilyd on It monitor,

IV, Dlscussi(jtt

Probably this technique can br used for other negative-ion

beams, but it has t.wn studied only for H“ beams,
This method is applicable to beams whose rms bunch

Icngths arc as short as a fcw ps, The spcctromctcr described
will work for beams with rrns energy spreads of greater [him

-2 x 10-4. For a 100-McV betin the total Icngth is -12 m, so

a more compact design probably is m.xded for higher-energy
beams.

If the electrostatic deflector plntc Icngths are 0.75 trmcs L
and drc maximum vohagc bctwccn thcm is 20 kV, the LOUI
image deflection is 1.3 cm for afl bcah~ cncrgics, This hntigc

width should probably correspond to ti, so the cnt.mncc slit
height for this case should be -2 mm,
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